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T cell exhaustion and loss of memory potential occur during many chronic viral infections and cancer. We investigated when
during chronic viral infection virus-specific CD8 T cells lose the potential to form memory. Virus-specific CD8 T cells from es-
tablished chronic infection were unable to become memory CD8 T cells if removed from infection. However, at earlier stages of
chronic infection, these virus-specific CD8 T cells retained the potential to partially or fully revert to a memory differentiation
program after transfer to infection-free mice. Conversely, effector CD8 T cells primed during acute infection were not protected
from exhaustion if transferred to a chronic infection. We also tested whether memory and exhausted CD8 T cells arose from dif-
ferent subpopulations of effector CD8 T cells and found that only the KLRG1lo memory precursor subset gave rise to exhausted
CD8 T cells. Together, these studies demonstrate that CD8 T cell exhaustion is a progressive developmental process. Early during
chronic infection, the fate of virus-specific CD8 T cells remains plastic, while later, exhausted CD8 T cells become fixed in their
differentiation state. Moreover, exhausted CD8 T cells arise from the memory precursor and not the terminally differentiated
subset of effector CD8 T cells. These studies have implications for our understanding of senescence versus exhaustion and for
therapeutic interventions during chronic infection.

During acute infections, antigen-specific CD8 T cells are acti-
vated through stimulation of the T cell receptor (TCR) and

costimulatory receptors, as well as inflammatory signals (10, 25,
42). Upon activation, CD8 T cells proliferate extensively and dif-
ferentiate, acquiring new properties, such as the ability to produce
cytokines and chemokines, to kill virally infected cells, and to de-
velop new migratory potential (14, 21, 42). While most of the
effector CD8 T cell population dies (14, 21, 42), a subset further
differentiates into long-lived memory T cells capable of undergo-
ing antigen-independent maintenance and self-renewal (18, 20).
Upon reinfection, these memory CD8 T cells rapidly expand and
redifferentiate into secondary effector T cells (14, 21, 42). Consid-
erable evidence now supports a model of gradual development of
CD8 T cell memory in vivo. For example, while CD8 T cells com-
mitted to the memory fate can be identified early in the effector
response (15, 18–20, 23), these cells require further differentiation
after clearance of infection to acquire canonical memory T cell
properties such as self-renewal and robust recall responses.

In contrast to acute infections, during chronic viral infections,
CD8 T cells can develop functional defects collectively referred to
as exhaustion (38). Exhausted CD8 T cells undergo a hierarchical
loss of function and progressively lose the ability to produce in-
terleukin-2 (IL-2), to kill efficiently ex vivo, and to produce tumor
necrosis factor (TNF) or gamma interferon (IFN-�) (13, 40, 43).
Exhausted CD8 T cells also fail to acquire memory T cell proper-
ties, such as antigen-independent self-renewal and the ability to
mount robust recall responses (38). A central question about CD8
T cell exhaustion, however, is whether the loss of effector func-
tions and failed memory CD8 T cell differentiation develop be-
cause of improper/altered priming or because of events that occur
later during persisting infection. Other types of T cell dysfunction,
such anergy, arise because of changes in initial T cell activation,
and these events commit T cells to a state of hyporesponsiveness
and/or deletion (30), though in vivo tolerance might be reversible
under some conditions (29). While there is some evidence that
CD8 T cells can acquire and maintain the ability to produce cyto-

kines if removed from a chronic infection after 5 days of priming
(9), the flexibility of the CD8 T cell exhaustion developmental
program and impact on memory T cell properties remain poorly
understood.

In this study, we examined whether events during the priming
phase of infection can predetermine the fate of CD8 T cells during
either chronic or acute infections. While virus-specific CD8 T cells
from established chronic infection failed to form memory when
removed from infection, memory T cell potential gradually in-
creased in virus-specific CD8 T cells isolated from earlier time
points postinfection (p.i.). Additionally, virus-specific CD8 T cells
primed during acute infection were not protected from exhaus-
tion by presumably optimal priming conditions, since these effec-
tor CD8 T cells became exhausted if adoptively transferred to
chronically infected mice. Finally, we defined the lineage origin of
exhausted CD8 T cells on the basis of the effector subsets described
during acute infection. While the population of KLRG1hi effector
CD8 T cells found during the first week of acute or chronic infec-
tion rapidly disappeared from chronically infected mice, the
KLRG1lo subset of effector CD8 T cells that persisted during
chronic infection gave rise to exhausted CD8 T cells. Together,
these studies demonstrate that CD8 T cell exhaustion arises from
a progressive differentiation process with gradual loss of develop-
mental plasticity and increased commitment to exhaustion. Fur-
thermore, the identification of the KLRG1lo subset of effector CD8
T cells as precursors to exhausted CD8 T cells suggests that termi-
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nally differentiated effector and exhausted CD8 T cells can arise
via distinct pathways. These studies have implications for the re-
versibility of CD8 T cell dysfunction during chronic infection and
our understanding of senescence versus exhaustion.

MATERIALS AND METHODS
Mice, virus, and infections. Five-week-old C57BL/6 and B6LY5.2CR (B6)
mice (expressing Ly5.1 [Ly5.1�]) were purchased from NCI (Frederick,
MD). Lymphocytic choriomeningitis virus (LCMV) strains were propa-
gated, titers were determined, and the strains were used as previously
described (40). B6 mice were infected with LCMV Armstrong (Arm; 2 �
105 PFU) intraperitoneally or with LCMV clone 13 (2 � 106 PFU) intra-
venously. All mice were maintained at the University of Pennsylvania
under protocols approved by the Institutional Animal Care and Use Com-
mittee.

Adoptive transfers. CD8 T cells were purified using negative-selection
magnetic beads (magnetically activated cell sorting beads; Miltenyi Bio-
tec). The KLRG1 sorts were performed on an Aria II (BD Immunocytom-
etry Systems, San Jose, CA). In each individual experiment, identical
numbers of DbGP33� CD8 T cells were adoptively transferred to each
separate recipient mouse. Donor populations in the peripheral blood were
monitored by retro-orbital blood collection as described previously (40).

Flow cytometry and ICS. Lymphocytes were isolated from the spleen
and peripheral blood as previously described (7, 40). Major histocompat-
ibility complex class I peptide tetramers were made and used as described
previously (39, 40). Antibodies were purchased from eBioscience (San
Diego, CA), Biolegend (San Diego, CA), Invitrogen (Carlsbad, CA), Ab-
cam (Cambridge, MA), R&D Systems (Minneapolis, MN), or BD Biosci-
ences (San Diego, CA). Lymphocytes were stained and analyzed, and in-
tracellular cytokine staining (ICS) was performed as previously described
(7, 40). Cells were analyzed on an LSR II flow cytometer (BD Immunocy-
tometry Systems, San Jose, CA). Data analysis was performed using
FlowJo (version 9.3.1) software (TreeStar, San Carlos, CA). Dead cells
were removed by gating on a LIVE/DEAD Aqua kit (Invitrogen) versus
forward scatter (FSC-A).

RESULTS

During chronic viral infections, CD8 T cells become exhausted
rather than develop into functional memory CD8 T cells. It is
unclear, however, when during chronic infection virus-specific
CD8 T cells lose the potential to become memory CD8 T cells. To
address this question, we used two well-described strains of
LCMV, LCMV Arm and LCMV clone 13. Infection with LCMV
Arm results in an acute infection, with viral clearance by day 8 p.i.
LCMV clone 13, on the other hand, causes a chronic infection
with viremia for 2 to 3 months and long-term viral replication in
tissues such as the kidneys and brain (2, 40, 43). Using this system
and a series of adoptive transfer experiments, we tested the loss of
CD8 T cell memory potential and commitment to exhaustion at
different stages of chronic viral infection.

We first examined the ability of exhausted CD8 T cells from
established chronic infection (day 30 p.i. clone 13) to convert to
functional memory CD8 T cells when adoptively transferred to
infection-free mice. To achieve this goal, exhausted CD8 T cells
were purified from clone 13-infected Ly5.1� C57BL/6 mice and
adoptively transferred to Ly5.2� LCMV Arm-immune mice (Fig.
1A). The use of LCMV Arm-immune mice as recipients in these
experiments allowed the control of any residual virus transferred
with the donor CD8 T cells by the robust cellular and humoral
immunity of the recipient mice. These exhausted CD8 T cells were
also adoptively transferred to Ly5.2� clone 13 infection-matched
(day 30 p.i.) recipient mice as a control. On day 2 posttransfer

(p.t.), donor (Ly5.1�) LCMV DbGP33-specific CD8 T cells were
easily detected in both LCMV Arm-immune and clone 13-in-
fected recipient mice (Fig. 1B and C). However, while donor-
derived virus-specific CD8 T cells persisted at constant levels in
the chronically infected recipients, these donor cells failed to per-
sist in the infection-free Arm-immune recipients (Fig. 1B and C).
These observations are consistent with those from previous stud-
ies (35, 39) demonstrating that after prolonged (i.e., 3-plus
months) chronic infection, exhausted virus-specific CD8 T cells
are maintained in an antigen-dependent rather than cytokine (IL-
7/IL-15)-dependent manner and fail to persist in antigen-free
mice. The current data suggest that this antigen dependence is
already established by day 30 p.i. Furthermore, these data indicate
that by day 30 of chronic LCMV infection, virus-specific CD8 T
cells have lost the potential to form antigen-independent memory
CD8 T cells if removed from chronic infection.

Partial loss of memory CD8 T cell potential prior to day 30 of
chronic infection. To begin to determine when during chronic
infection virus-specific CD8 T cells lose the potential to become
memory T cells, Ly5.2� virus-specific CD8 T cells were purified at
day 15 of clone 13 infection and adoptively transferred into
Ly5.1� recipient mice that had also been infected 15 days previ-
ously with either Arm or clone 13. Persistence and differentiation
of the Ly5.2� virus-specific donor CD8 T cell population were
examined over time (Fig. 2A).

Unlike the exhausted CD8 T cells found at day 30 of chronic
infection, the DbGP33-specific CD8 T cell population isolated
from clone 13-infected mice at day 15 p.i. persisted when adop-
tively transferred to virus-free mice (Fig. 2B). However, this per-
sistence was not associated with a complete conversion to a nor-
mal memory CD8 T cell phenotype. While virus-specific CD8 T
cells from mice with clone 13 infection at day 15 transferred into
Arm-infected recipients at day 15 of infection expressed high lev-
els of CD127, similar to memory CD8 T cells, the same cells also
had elevated expression of the inhibitory receptor PD-1 (Fig. 2C to
E). These virus-specific CD8 T cells removed from chronic infec-
tion on day 15 also produced cytokines at a level intermediate
between that observed for virus-specific memory CD8 T cells that
develop after an acute infection (Arm endogenous) and that ob-
served for the clone 13 ¡ clone 13 control transfer (Fig. 2F).
Therefore, at day 15 of chronic infection, while virus-specific CD8
T cells had the capacity to persist and develop some phenotypic
characteristics of memory CD8 T cells upon adoptive transfer to
infection-free mice, these cells retained some phenotypic scars of
chronic infection.

Plasticity and memory T cell potentials exist early during
clone 13 viral infection. We next investigated whether virus-spe-
cific CD8 T cells present earlier in chronic infection retained
greater memory potential than those observed at day 15 or day 30
p.i. To address this question, at day 8 after clone 13 infection,
virus-specific CD8 T cells were adoptively transferred to congenic
day 8 clone 13-infected mice or day 8 Arm-infected recipient mice
(Fig. 3A). The DbGP33 donor CD8 T cell population was moni-
tored for �2 months to examine memory CD8 T cell differentia-
tion (Fig. 3A). Like the day 15 donor cells, these day 8 donor cells
persisted following adoptive transfer to infection-free mice (Fig.
3B). In contrast to what was observed at day 15 p.i., however,
DbGP33 CD8 T cells removed from chronic infection at day 8 p.i.
reverted to low PD-1 expression in infection-free recipient mice
(Fig. 3C to E). The CD8 T cells transferred from clone 13-infected
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to Arm-infected mice on day 8 p.i. also expressed high levels of
CD127, consistent with normal memory CD8 T cell differentia-
tion (Fig. 3C to E). PD-1 expression remained high and CD127
expression remained low if the same donor CD8 T cells were in-

stead adoptively transferred back into clone 13-infected recipient
mice (Fig. 3B to E). While donor cell recovery did not permit
rigorous assessment of cytokine production, the expression of
CD127, PD-1, CD62L, and KLRG1 (Fig. 3C to E and data not

FIG 1 Virus-specific CD8 T cells at day 30 after LCMV clone 13 infection do not persist if adoptively transferred to infection-free recipients. (A) Experimental
design. Ly5.1� CD8 T cells were purified from day 30 LCMV clone 13-infected mice and adoptively transferred to day 30 LCMV Arm-immune or day 30 LCMV
clone 13-infected recipient mice. Approximately 2 � 105 DbGP33� CD8 T cells were adoptively transferred to each recipient mouse. Donor virus-specific CD8
T cells were examined on days 2 and 60 p.t. (B) Gating strategy used to identify donor CD8 T cell population. Representative examples of the day 30 clone 13 ¡
Arm and day 30 clone 13 ¡ clone 13 recipient mice on both day 2 p.t. and day 60 p.t. (C) Absolute numbers of DbGP33� CD8 T cells in the spleens of recipient
mice on days 2 and 60 p.t. normalized to the number of cells on day 2 p.t. Each symbol represents one mouse, with red squares signifying antigen-specific CD8
T cells transferred to clone 13-infected recipient mice and blue circles representing cells transferred to day 30 Arm-infected recipient mice. ns, not significant; **,
P � 0.01.
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shown), as well as cellular recovery, is consistent with efficient
development of memory CD8 T cells from cells primed for 8 days
during LCMV clone 13 infection. Thus, early during chronic in-
fection, virus-specific CD8 T cells possess memory potential and

can form robust memory CD8 T cells if removed from chronic
infection.

LCMV Arm-primed effector CD8 T cells become exhausted
in clone 13-infected mice. The results described above suggest

FIG 2 CD8 T cells from day 15 clone 13-infected mice persisted but formed memory poorly in infection-free recipients. (A) Experimental design. Ly5.2� CD8
T cells were purified from day 15 LCMV clone 13-infected mice and adoptively transferred to day 15 Arm- or day 15 clone 13-infected recipient mice.
Approximately 1 � 105 or 1.5 � 105 donor DbGP33� CD8 T cells were adoptively transferred to each recipient mouse, with equal numbers of adoptively
transferred cells transferred to all donor mice for each individual experiment. Donor virus-specific CD8 T cells were examined on days 5, 15, 30, and 60 p.t. in
recipient mouse spleens. (B) Representative fluorescence-activated cell sorter plots of CD44hi DbGP33� day 15 clone 13 ¡ Arm-infected and day 15 clone 13 ¡
clone 13-infected recipient mice on day 60 p.t. The cells are gated on live CD8� Ly5.2� T cells. (C) Mean fluorescence of CD127 and PD-1. The gray histogram
in each plot is gated on CD8� CD44lo naïve T cells. (D) Frequency of PD-1hi and CD127� CD8� DbGP33� T cells on day 60 p.t. (E) Mean fluorescence of CD127
and PD-1 on days 5, 15, and 30 p.t. (F) Percentage of IFN-�, IL-2, TNF, and IFN-� plus TNF produced by CD8 T cells following restimulation ex vivo with the
GP33 peptide on day 30 p.t. Light blue, endogenous (Endo) Arm response; dark blue, clone 13 ¡ Arm transfer; red, clone 13 ¡ clone 13 transfer; pink,
endogenous clone 13 response.
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FIG 3 Virus-specific CD8 T cells isolated from LCMV clone 13-infected donor mice on day 8 p.i. can form memory in infection-free recipient mice. (A)
Experimental design. Ly5.2� CD8 T cells were purified from day 8 clone 13-infected mice and adoptively transferred to day 8 Arm- or day 8 clone
13-infected recipient mice. In each experiment, the same number of CD8 T cells was transferred to each recipient mouse, with between 2 � 105 and 3 �
105 donor DbGP33� CD8 T cells transferred to each recipient per experiment. Donor virus-specific CD8 T cells were examined on days 5, 15, 30, and 60
p.t. in recipient mouse spleens. (B) Representative fluorescence-activated cell sorter plots of CD44hi DbGP33� day 8 clone 13 ¡ Arm-infected and day 8
clone 13 ¡ clone 13-infected recipient mice on day 30 p.t. The cells are gated on live CD8� Ly5.2� T cells. (C) Mean fluorescence of CD127 and PD-1.
The gray histogram in each plot is gated on CD8� CD44lo naïve T cells. (D) Frequency of PD-1hi and CD127� CD8� DbGP33� T cells on day 60 p.t. (E)
Mean fluorescence of CD127 and PD-1 on days 5, 15, and 30 p.t. Light blue, endogenous Arm response; dark blue, clone 13 ¡ Arm transfer; red, clone
13 ¡ clone 13 transfer; pink, endogenous clone 13 response.
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considerable developmental plasticity in virus-specific CD8 T cells
early during chronic infection. Fully developed memory CD8 T
cells generated following acute infection can either completely
control chronic infection (1, 17, 19, 27) or undergo physical dele-
tion (37), depending on the number of memory CD8 T cells pres-
ent. It is unclear, however, whether priming during acute infec-
tion prevents the development of exhaustion. To investigate this
issue, CD8 T cells were purified at either day 8 or 15 p.i. with Arm
and transferred into time point-matched clone 13- or Arm-in-
fected congenic recipient mice (i.e., day 8 ¡ day 8 and day 15 ¡
day 15) to track the differentiation of the donor virus-specific CD8
T cells over time (Fig. 4A). LCMV Arm-primed CD8 T cells adop-
tively transferred to clone 13-infected recipient mice at day 8 p.i.
upregulated PD-1 and remained CD127lo, while the same cells
became PD1lo and CD127hi if transferred to Arm-infected recipi-
ent mice (Fig. 4B). This reprogramming occurred quickly, as day 8
Arm ¡ clone 13 CD8 T cells expressed levels of PD-1 and CD127
similar to those of the endogenous clone 13 response by day 15 p.t.
(Fig. 4B). At 2 months p.t., the day 8 Arm ¡ clone 13 donor cells
produced significantly lower levels of IFN-�, TNF, and IL-2 (Fig.
4C) than the day 8 Arm ¡ Arm donor cells. The ability of a cell to
produce multiple cytokines is also correlated with T cell quality.
As shown in Fig. 4D, the day 8 Arm ¡ clone 13 donor cells not
only produced lower levels of individual cytokines, but their poly-
functionality was also reduced. This decrease in cytokine produc-
tion in the day 8 Arm ¡ clone 13 donor CD8 T cells suggests that
optimal priming alone does not prevent the development of ex-
haustion.

Since fully formed memory CD8 T cells might not be suscep-
tible to exhaustion (37), we next tested whether CD8 T cells at
early stages of memory CD8 T cell differentiation following acute
infection could become exhausted. Thus, CD8 T cells from day 15
Arm-infected donors were also adoptively transferred to clone
13-infected recipients at day 15 p.i. Again, by day 15 p.t., these
donor cells already expressed levels of PD-1 and CD127 similar to
those expressed by the endogenous exhausted virus-specific CD8
T cells (Fig. 4E). By day 60 p.t., the day 15 Arm ¡ clone 13 donor
CD8 T cells produced substantially lower levels of cytokine and
were much less polyfunctional than the donor CD8 T cells trans-
ferred into Arm-infected recipient mice (Fig. 4F and G). Interest-
ingly, 15 days of effector and memory cell differentiation in Arm-
infected mice offered little protection from exhaustion for CD8 T
cells transferred into clone 13-infected recipients. This observa-
tion contrasts with what we observed in the day 15 clone 13 ¡
Arm transfer, where the clone 13 donor CD8 T cells could not
become functional memory cells but were still able to survive and
gain some memory-like characteristics (i.e., CD127 expression).
In other words, these experiments suggest that there is greater
plasticity at day 15 in CD8 T cells generated following acute infec-
tion, since these cells can become memory or exhausted, while the
cells at day 15 of chronic infection cannot fully progress to a nor-
mal memory state.

Exhausted CD8 T cells arise from memory precursors. Dur-
ing acute infection, effector CD8 T cells that express CD127 but
lack KLRG1 are precursors of long-lived memory CD8 T cells,
while the CD127lo KLRG1hi subset of effector CD8 T cells has poor
memory potential (18). The phenotypic heterogeneity for CD127
and KLRG1 found during acute infection is also observed during
the first week of chronic infection. As shown in Fig. 5A, subsets
defined by KLRG1 expression exist for virus-specific CD8 T cell

populations at day 8 of either Arm or clone 13 infection. Using
these defined effector subsets, we next investigated the lineage
origin of exhausted CD8 T cells. Day 8 effector CD8 T cells from
Arm- or clone 13-infected mice were sorted into KLRG1hi and
KLRG1lo subsets, and the fate of each of the four subpopulations
(Arm KLRG1hi, Arm KLRG1lo, clone 13 KLRG1hi, clone 13
KLRG1lo) was determined after adoptive transfer to mice infected
8 days earlier with clone 13 (Fig. 5B).

Equal numbers of KLRG1hi or KLRG1lo DbGP33-specific CD8
T cells were adoptively transferred into congenic day 8 clone 13-
infected recipient mice. At 2 months p.t., few if any of the Arm-
primed KLRG1hi donor cells were found in the clone 13-infected
recipient mice, while the KLRG1lo donor cells were readily de-
tected (Fig. 5C and D). The DbGP33 tetramer-positive donor cells
derived from the KLRG1lo effector subset had by that time devel-
oped characteristic features of T cell exhaustion, including low
CD127 and high PD-1 expression (Fig. 5E). This phenotype
closely paralleled that of the endogenous DbGP33-specific re-
sponse of the clone 13-infected recipient mice (Fig. 5E). The anal-
ogous experiment for clone 13-primed KLRG1hi and KLRG1lo

effector CD8 T cell subsets yielded similar results (Fig. 5F to H).
Only the KLRG1lo subset gave rise to a persisting population dur-
ing chronic infection, and this KLRG1lo subset could give rise to
the phenotypic characteristics observed in the endogenous ex-
hausted CD8 T cell response. Thus, exhausted CD8 T cells arise
from the same subset of effector CD8 T cells that gives rise to
memory CD8 T cells.

DISCUSSION

Recent studies have examined the lineage origin and differentia-
tion pathways that give rise to long-lived, functional, memory
CD8 T cells following acute infections (14, 21, 42). During chronic
infections, this pathway is substantially altered and virus-specific
CD8 T cells instead become dysfunctional or exhausted. Despite
recent work defining many characteristics of exhausted CD8 T
cells, the lineage origin and developmental pathways that give rise
to exhausted CD8 T cells are poorly understood. Here, we found
that exhausted CD8 T cells arise from the same subpopulation of
effector CD8 T cells that gives rise to functional memory CD8 T
cells following acute infection, rather than the more terminally
differentiated subset of effector CD8 T cells. Furthermore, we
demonstrated that during the first weeks of chronic infection, the
virus-specific CD8 T cell population retains lineage flexibility:
these cells can revert to a functional memory CD8 T cell differen-
tiation program if removed from chronic infection. Prolonged
exposure to chronic infection, however, skews these cells down the
developmental pathway of exhaustion, where they soon become
irreversibly committed.

Previous studies demonstrated that virus-specific CD8 T cells
isolated on day 5 of infection with LCMV clone 13 were not yet
committed to exhaustion. Brooks et al. found that these day 5
clone 13-primed CD8 T cells remained functional if removed
from infection (9). These data suggested that unlike in vitro an-
ergy, CD8 T cell exhaustion is not a consequence of altered T cell
priming. Our current work confirms and extends these observa-
tions in several ways. We first demonstrated that early during in-
fection, virus-specific CD8 T cell populations retained consider-
able differentiation plasticity. Not only were CD8 T cells primed
during what would become a chronic infection able to generate
high-quality memory CD8 T cells, but priming during an acute
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FIG 4 Optimal priming does not prevent exhaustion of effector CD8 T cells transferred to a chronic infection. (A) Experimental design. Ly5.1� CD8 T cells were
purified from either day 8 or day 15 Arm-infected mice and adoptively transferred (day 8, �5 � 105 DbGP33� CD8 T cells/recipient; day 15, �1 � 105 DbGP33�

CD8 T cells/recipient) to infection-matched clone 13- or Arm-infected recipient mice. Donor virus-specific CD8 T cells were examined on days 5, 15, 30, and 60
p.t. in recipient spleens. (B to D) Day 8 Arm ¡ clone 13. (B) Percentage of Ly5.1� DbGP33� CD8 T cells expressing CD127 or high levels of PD-1 in the blood;
(C) mean fluorescence of IFN-�, IL-2, and TNF expressed by CD8 T cells restimulated ex vivo with the GP33 peptide on day 60 p.t.; (D) polyfunctionality of day
8 Arm ¡ Arm and day 8 Arm ¡ clone 13. Colors represent the number of cytokines (1 to 5) coproduced per cell. (E to G) Day 15 Arm ¡ clone 13. (E) Percentage
of Ly5.1� DbGP33� CD8 T cells expressing CD127 or high levels of PD-1 in the blood; (F) mean fluorescence of IFN-�, IL-2, and TNF expressed by CD8 T cells
restimulated ex vivo with the GP33 peptide on day 60 p.t.; (G) polyfunctionality of day 15 Arm ¡ Arm and day 15 Arm ¡ clone 13 displayed as in panel D. MFI,
mean fluorescence intensity; MIP1�, macrophage inflammatory protein-1�.
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FIG 5 Exhausted virus-specific CD8 T cells arise from the KLRG1lo memory precursor population of effector cells. (A) KLRG1 expression on day 8 p.i. with Arm
and clone 13. (B) Experimental design. Ly5.2� CD44hi DbGP33� CD8 T cells from either day 8 Arm- or day 8 clone 13-infected donor mice were sorted into
KLRG1hi and KLRG1lo populations. Equal numbers of virus-specific KLRG1hi- or KLRG1lo-sorted populations were adoptively transferred into day 8 clone
13-infected recipient mice and analyzed at 1 to 2 months p.t. Approximately 2.9 � 105 KLRG1hi or KLRG1lo DbGP33� CD8 T cells were transferred to each
recipient in the Arm ¡ clone 13 experiment, and 1.4 � 105 cells were transferred in the clone 13 ¡ clone 13 control experiment. (C to E) KLRG1hi and KLRG1lo

CD8� DbGP33� T cells from day 8 Arm-infected mice adoptively transferred into day 8 clone 13-infected recipients. (C) Representative plots of the endogenous
(Ly5.2-negative [Ly5.2�]) and KLRG1-sorted (Ly5.2�) donor populations at 2 months p.t.; (D) absolute number of each transferred population on day 60 p.t.;
(E) representative plots from KLRG1lo recipient mice on day 60 p.t. The mean fluorescence of CD127 and PD-1 is shown in red or pink, with CD8� CD44lo naïve
T cells shown in the gray histograms. (F and G) KLRG1hi or KLRG1lo CD8� DbGP33� T cells from day 8 clone 13-infected mice adoptively transferred into day
8 clone 13-infected recipients. (F) Representative plots of the endogenous (Ly5.2�) and KLRG1-sorted (Ly5.2�) donor populations at 2 months p.t.; (G) absolute
number of each transferred population on day 60 p.t. (H) Representative plots from KLRG1lo recipient mice on day 60 p.t. The mean fluorescence of CD127 and
PD-1 is shown in red or pink, with CD8� CD44lo naïve T cells shown in the gray histograms.

Angelosanto et al.

8168 jvi.asm.org Journal of Virology

http://jvi.asm.org


infection did not prevent subsequent exhaustion if those CD8 T
cells were then placed into a chronic infection. Together, these
observations indicate that key signals governing the fate decisions
of exhaustion versus memory can occur after the effector phase.
By 2 weeks of chronic infection, virus-specific CD8 T cells had
partially lost memory CD8 T cell potential, and by 1 month these
cells were fully committed to an irreversible state of exhaustion
and antigen-dependent maintenance. It was interesting that at day
15 following acute infection, virus-specific CD8 T cells could still
develop into fully exhausted CD8 T cells. This observation sug-
gests that more flexibility in differentiation potential is retained
early after acute infection than during chronic infection. Together
with the findings of recent studies indicating that fully formed
primary memory CD8 T cells do not become exhausted during a
new chronic infection (37), these observations suggest that large
populations of preformed memory CD8 T cells have not yet de-
veloped by day 15 p.i., in agreement with other data (22). It is
interesting to note that unlike primary memory CD8 T cells (37),
secondary memory CD8 T cells can become exhausted (26). Per-
haps the sensitivity to exhaustion is more tightly linked to the
effector/effector memory state of differentiation than to central
memory. However, our data indicate substantial flexibility in fate
outcome for virus-specific CD8 T cells during the effector and
contraction phases of the response.

A major question that emerges is whether the apparent differ-
entiation plasticity observed for developing exhausted and mem-
ory CD8 T cells merely reflects preferential survival of different
subpopulations of effector CD8 T cells. Indeed, the cellular origin
of exhausted CD8 T cells remains unclear. During acute infection,
memory CD8 T cells arise from a subpopulation of CD127hi

KLRG1lo memory precursors, while another subpopulation of ter-
minally differentiated (CD127lo KLRG1hi) effector CD8 T cells
gradually dies off (18, 20). One possible model is that while mem-
ory CD8 T cells arise from the memory precursors, exhausted CD8
T cells could be the progeny of the KLRG1hi subset. However, our
results indicate that exhausted CD8 T cells arise not from the
KLRG1hi subset but from the same KLRG1lo population of mem-
ory precursors that can give rise to functional memory CD8 T
cells. These observations have several important implications.
First, they suggest that the differentiation flexibility observed for
the CD8 T cells early in the response to acute or chronic infection
does not simply reflect population dynamics and the selective sur-
vival of different previously defined subsets. Second, these data
have implications for the relationship between senescence and
exhaustion. Both senescent and exhausted CD8 T cells have poor
proliferative potential, but it has been unclear whether senescence
and exhaustion represented distinct or overlapping biological
processes (3). Previous studies have indicated at least a partial lack
of overlap in expression of markers associated with senescence
and exhaustion, such as CD57 and PD-1 (5, 11, 33, 36). While in
some human studies PD-1 and KLRG1 were found on the same
population of virus-specific CD8 T cells (8), in mouse models,
when PD-1 expression is very high, KLRG1 expression is low (41).
The studies described here indicate that the terminally differenti-
ated or senescent subset of effector CD8 T cells does not efficiently
give rise to exhausted CD8 T cells. This observation suggests that
terminal differentiation is not necessarily a precursor to exhaus-
tion. However, whether the opposite is true or whether exhaustion
and senescence can occur as divergent pathways of differentiation
from a common precursor remains to be further explored.

There are potential therapeutic implications of the data pre-
sented in this study. Progressive loss of memory potential during
chronic infections implies that early intervention during chronic
infection might have a beneficial impact on the development of
robust immunity to the pathogen. Indeed, early antiretroviral in-
tervention during acute HIV infection leads to preservation of
antiviral T cell responses (31, 32). Moreover, Alter et al. found that
this highly active antiretroviral treatment-mediated preservation
of antiviral immunity was gradually lost as treatment initiation
was delayed into the chronic phase of infection (4). A number of
other studies have demonstrated a beneficial antiviral effect of
early drug treatment during hepatitis C virus (HCV) infection (12,
16, 34), though the impact on preservation of T cell immunity in
these cases is not always clear. Our results now provide a potential
explanation for these observations in terms of changes in the dif-
ferentiation potential of virus-specific CD8 T cells at early versus
later stages of chronic infection. Moreover, identification of a spe-
cific subpopulation of antiviral CD8 T cells early in the response as
the precursor of both exhausted and memory CD8 T cells suggests
that therapeutic targeting of this subset in combination with an-
tivirals might prove highly synergistic. Indeed, IL-7 treatment
during the early phases of LCMV clone 13 infection has a major
beneficial impact (28). We would predict that this IL-7 effect
could operate by helping to prevent the memory precursor pop-
ulation from becoming exhausted. The introduction of new, pow-
erful anti-HCV antivirals (6, 24) should provide the opportunity
to test some of these ideas in humans.

In conclusion, these studies demonstrate the progressive na-
ture of CD8 T cell exhaustion and illustrate the considerable flex-
ibility of differentiation that is present in developing exhausted or
memory CD8 T cells. Fate commitment of CD8 T cells toward
memory versus terminal differentiation can occur very early in the
effector phase following an acute infection (21). However, our
studies reinforce the notion that while a commitment toward a
fate may be specified, this differentiation process remains mallea-
ble for a period of time. Ultimately, however, exhausted CD8 T
cells become irreversibly committed, antigen dependent, and un-
able to revert to the alternate fate. Finally, we identify the cellular
origin of exhausted CD8 T cells and demonstrate that exhausted
and memory CD8 T cells arise from the same precursor popula-
tion. These observations have relevance for the timing of an-
tipathogen therapeutic interventions and also suggest cellular tar-
gets for immunotherapies during chronic infections.
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